The structural determinants of aldosterone binding specificity in the mineralocorticoid receptor (MR) have not been determined. The MR has greatest sequence identity with the better characterized glucocorticoid receptor (GR), which is reflected in their overlapping ligand binding specificities. There must be subtle sequence differences that can account for the MR-specific binding of aldosterone and the shared binding of cortisol. To characterize ligand binding specificity, chimeras were made between the human MR and GR ligand-binding domains (LBDs). Three points were chosen as break points to generate a total of 16 different constructs. These chimeric LBDs were placed in a human GR expression vector containing the GR DNA-binding and N- 
The steroid hormone aldosterone is important for the control of blood pressure through the promotion of sodium reabsorption in the kidney and colon (1) . Aldosterone has other roles besides sodium balance; it has direct central effects on blood pressure (2) and has been implicated in the pathogenesis of cardiac fibrosis (3) . The importance of aldosterone in blood pressure control and hypertension is underlined by the fact that the three known monogenetic causes of hypertension, glucocorticoid remediable hyperaldosteronism (4), apparent mineralocorticoid excess (5) , and Liddle's syndrome (pseudoaldosteronism) (6) , all involve this steroid, its receptor, or sodium reabsorption. Despite the importance of aldosterone there is only limited knowledge of the molecular mechanisms that underlie its action.
Aldosterone binds to, and acts through, the mineralocorticoid receptor (MR). 1 This protein belongs to the steroid hormone receptor (SHR) family of ligand-dependent transcription factors. As with other members of the family the receptor structure can be divided into three major domains (7) . The first of these is the N-terminal domain, which contains an "activation function" involved in transcriptional activation (8, 9) . In the middle of the protein is the DNA-binding domain, which binds to specific DNA sequences on target genes. C-terminal to the DNA-binding domain is the ligand-binding domain (LBD), which has sequences involved in ligand binding (10) , transcriptional activation (8) , and heat-shock protein (HSP) binding (11, 12) . The mineralocorticoid receptor is the least characterized of the SHRs.
The critical function of the LBD is the binding of ligand. In the absence of ligand the MR exists predominantly in the cytoplasm in a complex with a number of HSPs (12) . The role of HSP binding is two-fold: to keep the receptor in an inactive state and to maintain the LBD in a structural conformation that promotes high affinity ligand binding (12) . The binding of ligand alters the conformation of the receptor and displaces the HSPs, which exposes sequences involved in receptor dimerization, nuclear localization, and DNA binding. Thus ligand binding activates the receptor.
Of the steroid hormone receptors, the MR has the most sequence identity with the glucocorticoid receptor (GR) (7) . This is reflected in the overlapping binding specificities of the two receptors. Both receptors bind cortisol and corticosterone with high affinity (13) , whereas only the MR binds aldosterone with high affinity. In vivo binding specificity is maintained by a number of mechanisms, the most of important of which involves the type 2 isoform of the enzyme 11␤-hydroxysteroid dehydrogenase that converts cortisol/corticosterone to inactivate 11-keto metabolites in MR-containing cells (5) . The synthetic GR agonist dexamethasone also binds to the MR (7), albeit with a lower affinity. This is reflected in functional data showing dexamethasone to be a less potent activator of the MR than of the GR (14) . It is likely that there are sequences shared between the two receptors that allow both to bind cortisol with high affinity and sequences that differ between the two receptors that permit specific binding of aldosterone to the MR. However, the amino acids involved in aldosterone binding specificity remain to be determined. In this report we have used chimeras between the LBDs of the MR and GR as a way of determining sequences important in the specific binding of aldosterone to the MR. Our laboratory has previously used this strategy to investigate cortisol resistance in the guinea pig GR (15, 16). A similar strategy has also been used previously to determine sequences important to ligand specificity to the androgen receptor (17) and to identify determinants of RU486 binding in the progesterone receptor (18) . By examining these chimeras using a transactivation assay and by direct ligand binding we have identified a region in the LBD that is responsible for the specificity of aldosterone binding to the MR.
EXPERIMENTAL PROCEDURES
Creation and Construction of Chimeras-To create the chimeras between the MR and GR, the LBD's three break points were selected in regions with the highest degree of amino acid sequence identity between the two receptors, following the rationale that this would most likely maintain the basic structural integrity of the proteins. These break points are shown in Fig. 1 . The restriction enzyme sites ScaI and NsiI were chosen as two of the break points. The GR gene contains both of these sites at positions corresponding to amino acids 598 (ScaI) and 726 (NsiI). In contrast the MR gene only contains the corresponding NsiI site at amino acid 932. The ScaI site, at the position corresponding to amino acid 804, had to be generated in the MR cDNA by PCR mutagenesis. A natural NsiI site at amino acid 841 in the MR had to be removed by PCR mutagenesis. In neither case was the amino acid sequence changed. There were no convenient restriction enzyme sites for the middle break point, corresponding to amino acid 678 of the GR and 874 of the MR, so these chimeras were generated using overlap extension PCR. In all 14 different MR/GR chimeras were created. The chimeras are identified by a four-letter code in which the identity of each particular section of the construct is indicated in order from N terminus to C terminus; "G" indicates the GR sequence and "M" indicates the MR sequence. The full complement of 16 constructs includes the intact MR and GR LBDs.
The GR LBD was derived from the plasmid pRShGR BX (19) . This construct was derived from pRShGR NX (8) by truncating the 3Ј untranslated region. For generating the chimeras a XhoI/BamHI fragment, encompassing the entire LBD, was ligated into the pSP72 vector (Promega Corporation, Madison, WI). In all cases PCRs were performed using Pfu polymerase (Stratagene, La Jolla, CA). The primers used are as follows (restriction enzyme sites are underlined): MR1, 5Ј GTG GAG TCA TGG AAA TCA CAC GGC 3Ј (MR ϩ1669 -1692 forward); MR2, 5Ј GGC AAA GAT CTT CTG GGC AGC GGG CAG TCA 3Ј (MR ϩ2952-2982 reverse, incorporating the BglII site); GR1, 5Ј GGA ATG AAC CTC GAG GCT CGA A 3Ј (GR ϩ1453-1474 forward); GR2, 5Ј AGG GAT CCA TTC TTA TTA AGG CAG TCA 3Ј (GR ϩ2332-2358 reverse); MR3, 5Ј CCC TAA TCC AGT ACT CTT GGA TGT GT 3Ј (MR ϩ2399 -2424 forward, incorporating the ScaI site); MR4, 5Ј ACA CAT CCA AGA GTA CTG GAT TAG 3Ј (MR ϩ2401-2424 reverse, incorporating the ScaI site); MR5, 5Ј GAG AAG ATG CAC CAG TCT GCC ATG 3Ј (MR ϩ2512-2535 forward, removing the NsiI site); MR6; 5Ј CAT GGC AGA CTG GTG CAT CTT CTC 3Ј (MR ϩ2512-2535 reverse, removing the NsiI site); GGMM1, 5Ј TAT GAA AAC CTT GCT GCT ACT AAG CAC AAT TCC A 3Ј (GR ϩ1995-2004/MR ϩ2623-2646 forward); GGMM2, 5Ј GTA GCA GCA AGG TTT TCA TAC AGA GAT ACT CTT C 3Ј (GR ϩ1981-2004/MR ϩ2623-2632 reverse); MMGG1, 5Ј CAT GAA AGT TTT ACT GCT TCT CTC TTC AGT TCC T 3Ј (MR ϩ2613-2622/GR ϩ2005-2028 forward); MMGG2, 5Ј GAA GCA GTA AAA CTT TCA TGA TGG TGT ATT CTT C 3Ј (MR ϩ2599 -2622/GR ϩ2005-2014 reverse).
MR LBD-The MR LBD was amplified by PCR from the plasmid pRShMR NX (7), using the primers MR1 and MR2, which incorporates a BglII site downstream of the stop codon. The PCR product was digested with XhoI/BglII and ligated into the pSP72 vector and sequenced. The MR LBD sequence was then modified to create a ScaI site at position ϩ2410 and to remove an NsiI site at position ϩ2522.
MR LBD(ϩScaI)-To create the ScaI site two PCRs were performed using the primers MR1 and MR4 and MR3 and MR2. The template was MR LBD-pSP72. The two PCR products were joined together by overlap extension PCR using the primers MR1 and MR2.
MR LBD(ϩScaI/-NsiI)-To remove the NsiI site two PCRs were performed using the primers MR1 and MR6 and MR5 and MR2. The template was MR LBD-pSP72(ϩScaI). The two PCR products were joined together by overlap extension PCR using the primers MR1 and MR2. The final PCR product, MR LBD(ϩScaI/-NsiI) was then fully sequenced to confirm its identity. The chimeras MMGG and GGMM were generated by overlap extension PCR.
GGMM-The GR LBD-pSP72 was amplified using the primers GR1 and GGMM2. The MR LBD(ϩScaI/-NsiI)-pSP72 was amplified using the primers GGMM1 and MR2. The two PCR products were joined together by overlap extension PCR using the primers GR1 and MR2. The final PCR product was ligated into the pSP72 vector and sequenced.
MMGG-The MR LBD(ϩScaI/-NsiI) PCR product was amplified using the primers MR1 and MMGG2. GR LBD-pSP72 was amplified using the primers MMGG1 and GR2. The two PCR products were joined together by overlap extension PCR using the primers MR1 and GR2. The final PCR product was ligated into the pSP72 vector and sequenced.
The other chimeras were created in the pSP72 vector using restriction enzyme digests of GR LBD, MR LBD, MMGG, and GGMM, using whichever restriction sites were appropriate for the construct. The chimeras were sequenced to confirm their identities.
The chimeric LBD was then swapped in place of the native LBD in the pRShGR BX vector digested with XhoI/BamHI. When the 3Ј end of the chimera was comprised of GR sequence the construct was removed from pSP72 using XhoI/BamHI, and when the 3Ј end of the chimera was comprised of MR sequence the construct was removed from pSP72 using XhoI/BglII. In each case the chimera was sequenced to confirm its identity.
Tissue Culture and Transactivation Assay-1 g of the chimera expression plasmid, 1 g of MMTV-LUC reporter plasmid, and 0.25 g of pRSV-␤-galactosidase were co-transfected into cultured CV-1 African green monkey kidney fibroblast cells using the calcium phosphate precipitation method. Cells were grown at 37°C in DMEM (supplemented with 1 mM glutamine, non-essential amino acids, and 1% penicillinstreptomycin) and either 5 or 10% fetal bovine serum. The cells were trypsinized and replated in 48-well plates at a density of 2 ϫ 10 4 cells/well. After 20 -24 h the cells were transfected. Steroids were added 20 -24 h after transfection and then harvested 22-24 h later. Measurement of transactivation was performed using the Dual-Light kit (Tropix, Bedford, MA) as per the manufacturer's instructions. The cells were incubated with 100 l of lysis buffer for 30 min at room temperature. A 10-l aliquot was removed for assay. Steroid-dependent luciferase activity was measured, the tubes were then incubated for 1 h at room temperature to allow the luciferase protein to degrade, and ␤-galactosidase activity, which was used to determine transfection efficiency, was finally measured. Light measurements were made in a Berthold luminometer (Berthold, Wildbad, Germany). All measurements were performed in duplicate for two separate experiments. Results are expressed as luciferase activity/␤-galactosidase activity.
Ligand Binding Assay-Ligand binding assays were performed in COS-1 cells using either [ 3 H]aldosterone or [ 3 H]dexamethasone. Cells were grown at 37°C in DMEM supplemented with 1 mM glutamine, non-essential amino acids, 1% penicillin-streptomycin, and 10% fetal bovine serum. The cells were trypsinized and replated in 6-well plates at a density of 2 ϫ 10 5 cells/well. After 20 -24 h the cells were transfected with the expression plasmid using the DEAE-dextran method and then incubated overnight in DMEM ϩ 10% fetal bovine serum. The medium was replaced with DMEM 1 h before the ligand binding assay. ]aldosterone was used, and nonspecific binding was assessed by adding a 500-fold excess of non-radioactive aldosterone. Scatchard analysis was performed on the MR LBD, GMGG, and GMGM chimeras using [ 3 H]aldosterone at concentrations of 0.26, 0.64, 1.6, 4, 10, and 20 nM. Each point was assayed in triplicate, and data was analyzed using the EBDA program (20) . To measure GR-type binding 10 nM [
3 H]dexamethasone was used, and nonspecific binding was assessed by adding a 500-fold excess of non-radioactive dexamethasone. Cortisol binding to the chimeras was assessed by incubating the [ 3 H]dexamethasone with 10-, 50-and 500-fold excesses of cold cortisol. The cells were incubated at 37°C for 2 h. Cells were then washed 3 times with ice-cold phosphate-buffered saline and then scraped from the wells in phosphate-buffered saline. The suspension was added to scintillant, and radioactivity was measured in a Packard 2500 TR liquid scintillation counter.
RESULTS
Transactivation Assays-The chimeras were initially examined using a functional assay as this method is more sensitive than measuring ligand binding. The chimeric LBDs were placed into the pRShGR BX expression vector in place of the native GR LBD. The transcriptional activity of the chimeras was determined by measuring luciferase expression driven by the MMTV promoter in transiently transfected CV-1 cells (21) . It has been shown previously that the ligand-independent AF-1 of the GR N-terminal domain is primarily responsible for transactivation in this system (8) . Thus, assuming the constructs are expressed and are transcriptionally active, transactivation should correspond to ligand binding. The GR, rather than the MR, expression vector was chosen because the transcriptional effect is larger (8) and therefore provides a more sensitive read-out.
The results of the transactivation assays for all of the chimeras are summarized in Table I . Both aldosterone and cortisol potently activate the MR LBD construct (Fig. 2) , whereas the GR is activated potently by cortisol but only very weakly by aldosterone (Fig. 3) . Lower concentrations of cortisol are required to activate the MR LBD construct than are required for the GR. This is consistent with previous studies using the same system (22) (23) (24) (25) .
Aldosterone Activation of Chimeras- Fig. 2 demonstrates the effect of replacing each section of the MR LBD with the corresponding region of the GR LBD. Three of the four chimeras, GMMM, MMGM, and MMMG are potently activated by aldosterone. In contrast MGMM is not activated by the mineralocorticoid (Table I ). This suggests that the MR sequence in the second region of the chimeras, corresponding to amino acids 804 -874 of the MR LBD, is critical for aldosterone binding. Fig. 3 compares the wild-type GR with GMGG, the reciprocal of the inactive MGMM chimera, and again demonstrates the importance of this region. The GMGG chimera is activated by nanomolar concentrations of aldosterone, representing a 2-order of magnitude increase in sensitivity over the wild-type GR. The importance of this region is further emphasized by comparing the results using GGMM (Table I) and GMMM ( Fig. 2 and Table I ). The GGMM chimera is not activated by aldosterone at concentrations up to 300 nM, whereas the EC 50 of aldos- 
FIG. 2. Dose-response curves of the wild-type MR LBD and chimeras in which one section of the MR has been replaced with the corresponding sequence of the GR. Constructs were transfected, together with the MMTV-LUC reporter plasmid, into CV-1 monkey kidney fibroblast cells and treated with both aldosterone (f) and cortisol (E). Results of luciferase expression were calculated relative to a constitutively expressed ␤-galactosidase reporter and graphed as a percentage of the maximal response to steroid for each chimera. Each point represents the mean Ϯ S.E. of duplicates of two different experiments. M refers to the MR sequence, and G refers to the GR sequence.
FIG. 3.
Comparison of wild-type GR with GMGG to demonstrate the importance of the second region of the MR in the response to aldosterone. Constructs were transfected, together with the MMTV-LUC reporter plasmid, into CV-1 monkey kidney fibroblast cells and treated with both aldosterone (f) and cortisol (E). Results of luciferase expression were calculated relative to a constitutively expressed ␤-galactosidase reporter and graphed as a percentage of the maximal response to steroid. Each point represents the mean Ϯ S.E. of duplicates of two different experiments. M refers to the MR sequence, and G refers to the GR sequence.
terone (Table I) reveals that all of the chimeras that are activated by aldosterone contain amino acids 804 -874 of the MR. The only exception is the GMMG construct. In contrast any chimera that contains the GR sequence corresponding to this region of the MR is not activated by aldosterone.
Analysis of the chimeras (Table I ) reveals another characteristic of aldosterone activation. If the chimera contains the MR sequence in the fourth region as well as in the second (GMMM, MMGM) then the EC 50 value for aldosterone is approximately 1 nM, similar to wild-type MR LBD. If only the second region is present (GMGG, MMGG, MMMG) then the EC 50 value is higher. This suggests that although they are not critical, amino acids 932-984 of the MR LBD, corresponding to this fourth region of the chimeras, are also involved in ligand binding. The exception is the GMGM chimera for which the EC 50 value is 50 nM.
Cortisol Activation of Chimeras-Because both the MR and GR bind cortisol with high affinity (13) it was expected that all of the chimeras would be activated by cortisol. However, this steroid activates only GR, MR, GMMM, MMGM, MGMG, GGMG, and MGGG (Table I ). All of the chimeras activated by cortisol contain sequences in the second and fourth sections derived from the same receptor; that is, they contain both amino acids 804 -874 and 932-984 of the MR or amino acids 598 -668 and 726 -777 of the GR. The exception is GMGM, which is only very weakly activated by cortisol. (Fig. 4B ). This result is particularly significant for the chimeras that were not activated by either aldosterone or cortisol (GGGM, GGMM, MGMM, GMMG, and MGGM). It shows that the negative results in the functional assay were not caused by a lack of expression of the chimeric protein. All of the chimeras are expressed and can bind [ 3 H]dexamethasone. To assess whether the chimeras that are not activated by cortisol (GGMM, GGGM, MMGG, MMMG, GMGG, MGMM, GMMG, and MGGM) are still able to bind this steroid, experiments were performed in which [ 3 H]dexamethasone binding was displaced by 10-, 50-, and 500-fold excesses of cortisol. As shown in Fig. 4C cortisol was able to displace [ 3 H]dexamethasone from the wild-type GR and the transactivation-deficient chimeras with a similar efficacy, demonstrating that cortisol does indeed bind to these receptors. The GGGM chimera appears to bind cortisol with even greater affinity than the wildtype GR. Overall the results of this experiment suggest that, in contrast to the results using aldosterone, the differential effects of cortisol on the chimeras are not due to their differing abilities to bind the ligand but to their differing abilities to induce transactivation. (pseudohypoaldosteronism) (26) . Conclusions about the nature of ligand binding to the MR have therefore been drawn largely from analogies with other receptors in the SHR family. In this study we have used a different approach to determining sequences important for the specificity of aldosterone binding to the MR, by taking advantage of the high degree of amino acid sequence identity between the MR and GR (7) to create chimeras between the LBDs of the two receptors. The binding of both aldosterone and cortisol, the two natural ligands for the MR in humans, was then examined. The chimeras were analyzed by a sensitive functional assay using luciferase expression driven by the MMTV promoter, and the results of this assay were then compared with the results of direct ligand binding experiments. Importantly for the interpretation of the results, all of the constructs bound [ 3 H]dexamethasone, confirming that all were expressed and able to bind ligand.
Aldosterone Binding-There was a good correlation between the results of the functional assay and the direct ligand binding experiments, which attests to the validity of the chimeric approach to the investigation of the determinants of aldosterone binding specificity. Aldosterone only activates chimeras in which the second section contains MR sequence, corresponding to amino acids 804 -874 of the MR LBD. Inserting this region into the GR (the GMGG chimera) leads to an approximate 2-order of magnitude increase in affinity for aldosterone compared with wild-type GR. This region of the MR LBD must therefore be critical for aldosterone binding specificity. It was also observed that aldosterone activates the MR LBD, GMMM, and MMGM more potently than MMGG, GMGG, and MMMG, suggesting that the second region alone is not sufficient for high affinity binding of aldosterone and that although they are not critical, sequences in the fourth region of the MR LBD (between amino acids 932-984) also contribute. This is consistent with analysis of the crystal structures of the estrogen receptor-␣ (27, 28) and progesterone receptor (PR) (29) LBDs. In these structures the regions corresponding to the second and fourth regions of the chimeras form the ligand-binding pocket. The same approach of using LBD chimeras has been used to examine the binding specificities of the androgen receptor and PR (17) . Inserting the region between amino acids 766 -799 of the androgen receptor into the PR leads to a dramatic increase in the affinity of the chimera for testosterone. Interestingly this region overlaps the MR (804 -874) region that we find determines aldosterone binding specificity.
Two of the chimeras, GMGM and GMMG, behaved anomalously. Given the results of the other chimeras it would be predicted that the GMGM chimera should bind aldosterone with high affinity, yet in both the functional and ligand binding assays this construct has a decreased affinity for the ligand as compared with the MR LBD. The GMMG chimera is not activated by aldosterone in the functional assay by concentrations up to 300 nM despite containing the MR sequence in the second region. It does however bind [ 3 H]aldosterone at a concentration of 2 nM. The GMMG chimera therefore appears to be able to bind aldosterone but is unable to then activate transcription. It is possible that in these two chimeras the secondary and tertiary structures of the proteins have been perturbed enough to affect ligand binding and receptor function. The design of the chimeras was begun before publication of a consensus structure of the nuclear hormone receptor LBD (30) based on the crystal structures of the retinoid acid receptor ␥ and retinoid X receptor ␣ LBDs. As a result the design of the chimeras does not take into account the putative ␣-helical nature of the LBD structure. The dissociation between ligand binding and transcriptional activity observed with the GMMG chimera may, for example, be caused by structural perturbations leading to a failure of nuclear localization of the ligand-bound receptor. The importance of nuclear localization is demonstrated in a study showing that certain PR antagonists are poor GR antagonists, despite having a high affinity for the GR, because of an inability of these compounds to promote nuclear localization of the receptor (31) .
The region between amino acids 804 -874 in the MR (second region in the chimeras) corresponds to ␣-helices 5-8 of the PR LBD crystal structure (29) (labeled helices 6 -9 in the estrogen receptor-␣ LBD structure (27) ). There is 48% amino acid identity between this region of the MR and the corresponding region of the GR, which is lower than the overall 57% sequence identity between the two proteins in their LBDs. Fig. 5 shows the position of the region of the MR between amino acids 804 -874 based on the crystal structure of the PR LBD. Given the position of the ligand in the PR LBD crystal structure (29) it is likely that the amino acid or amino acids that govern aldosterone binding specificity lie in helix 5, the ␤-turn, and/or helix 7. Previous studies on the structures of the LBDs of the MR and other SHRs provide very few clues as to the identity of these critical residues. In the crystal structure of the PR holo-LBD (29) interactions were observed between two residues (Gln 725 and Arg 766 ) and the 3-keto group of progesterone. However, this region of the steroid molecule is identical in aldosterone, cortisol, corticosterone, and progesterone, and the two residues identified are conserved in the MR, GR, and PR, so it is very unlikely that they are involved in conferring the specificity of aldosterone binding. In the estrogen receptor-␣ holo-LBD crystal structure (27) a residue (His 524 ) was identified that interacts with the 17-hydroxyl moiety of estradiol. The structures of aldosterone and cortisol do differ at C 17 , but the analogous residue in the MR lies outside the 804 -874 region. The secondary and tertiary structures of the MR LBD, bound to aldosterone, have been modeled based on the retinoid acid receptor ␥ crystal structure (10) . The amino acids Gln 776 and Arg 817 were found to interact with the 3-keto group of aldosterone, and Asn 770 and Thr 945 were found to interact with the 20-keto/21-hydroxyl groups of the ligand. Site-directed mutagenesis of these residues confirmed their importance in ligand binding and validated the model. All four residues are conserved between the MR and GR, consistent with the structures of aldosterone, cortisol, and corticosterone being identical The helices are numbered as they are in the PR LBD crystal structure (29) .
at the C 3 , C 20 , and C 21 positions, so again it is highly unlikely that these residues are involved in MR ligand binding specificity. In another study it was observed that mutation of either Cys 849 or Cys 942 of the MR LBD dramatically decreases or abolishes ligand binding (32) . Cys 849 lies within the region of 804 -874, but both of these residues are conserved in the GR and are therefore again unlikely to be involved in MR ligand specificity. Consistent with this, mutation of these two residues produced identical effects on cortisol and aldosterone binding (32) .
The inability of studies described above to identify or provide clues to amino acids involved in aldosterone binding specificity may reflect a limitation of the techniques of crystallography and molecular modeling, both of which determine the final binding conformation of the ligand-receptor complex. The differences between the aldosterone and cortisol/corticosterone molecules lie at the C 11 and C 18 positions. Therefore, it is highly likely that interactions between these regions of the steroid and the receptor determine binding specificity. However, in the MR LBD model no amino acids were identified as interacting with the C 11 and C 18 positions of aldosterone (10) . Ligand binding to SHRs is a dynamic process, as evidenced by the dramatic changes in conformation involving the helix 12 region of the LBD (33, 34) , and binding specificity may be governed by the initial interactions between ligand and receptor that occur before the resulting conformational changes (29) . Based on those results, it may therefore not be possible to determine which amino acids are critical for aldosterone binding specificity from crystal structures or molecular models. The use of receptor chimeras has proven to be very useful in gaining insights into ligand binding to other SHRs (15-18) and complements these other techniques.
Cortisol Binding and Transactivation-We had assumed that, as cortisol binds with high affinity to both the MR and GR, this steroid would activate all of the chimeras. Surprisingly, however, only the GR, MR, GMMM, MMGM, MGGG, GGMG, and MGMG constructs were activated by cortisol. One common feature of these constructs is that the second and fourth sections are derived from the same receptor; they contain either amino acids 804 -874 and 932-984 of the MR or amino acids 598 -668 and 726 -777 of the GR. The only exception is the GMGM chimera, which also shows anomalous aldosterone binding behavior. It was subsequently found that cortisol can displace [ 3 H]dexamethasone binding from the other chimeras, thereby demonstrating that all of the chimeras retain the ability to bind this ligand. This suggests that the differential effects of cortisol in the functional assay are because of an effect downstream of ligand binding. There is a complex cascade of events involved in MR and GR function after ligand binding: heat-shock protein dissociation, nuclear localization, dimerization, DNA binding, and transcriptional activation. Presently we do not know which of these aspects of receptor function is being affected. Both the MR and GR LBDs harbor a ligand-dependent AF-2 region involved in transcriptional activation (8) , and one possibility is that this region is responsible for the dissociation between ligand binding and transactivation observed with cortisol. However, in the system used in these experiments the AF-1 region in the N-terminal domain of the GR, which is common to all of the constructs, is predominantly responsible for the transcriptional effect (8) , so it is highly unlikely that dysfunction of the AF-2 region can account for the results. It is also unlikely that ligand binding affects the AF-1 region itself, which functions independent of ligand binding (8) .
The absolute requirement of the second and fourth regions of the MR for activation by cortisol is not a characteristic shared by aldosterone. The study of other nuclear hormone receptors has shown a relationship between the nature of ligand binding, the resulting conformational changes in the receptor structure, and the downstream effect this has on receptor function. It is therefore possible that the two ligands bind to the MR differently and may therefore have different effects on transcription. There is some evidence for such differences. One consistent finding in many cells lines is that, although both aldosterone and cortisol bind with the same affinity to the receptor, aldosterone activates the receptor at lower concentrations than are required by cortisol (22) (23) (24) . This implies a functional difference in the binding of the two steroids. It has also been shown that intracerebroventricularly administered aldosterone increases blood pressure in the unilaterally nephrectomized rat, and this effect is not mimicked by corticosterone. In fact, corticosterone antagonizes the action of aldosterone (35) .
Summary-We have identified a region of the MR LBD, between amino acids 804 -874, that is crucial for aldosterone binding specificity. Our approach of using receptor chimeras complements both crystallography and molecular modeling to assist in our understanding of ligand binding to the MR. We believe that the initial interactions between ligand and receptor, before the resulting conformation changes in the protein structure, determine binding specificity. The techniques of crystallography and molecular modeling can only identify amino acid residues interacting with the ligand in its final "resting position" after the conformational changes have occurred. The results described in this study are the first step in a process that should allow us to identify individual amino acids that are crucial for aldosterone binding specificity. Results from this analysis of aldosterone binding to the MR may prove very useful in the design of new classes of MR antagonists for use in treating conditions in which high levels of aldosterone contribute to the pathogenesis.
